Cellular proliferation, migration, and expression of extracellular matrix proteins and MMPs contribute to neointimal formation upon vascular injury. Wild-type mice undergoing arterial endothelial denudation displayed striking upregulation of receptor for advanced glycation end products (RAGE) in the injured vessel, particularly in activated smooth muscle cells of the expanding neointima. In parallel, two of RAGE's signal transducing ligands, advanced glycation end products (AGEs) and S100/calgranulins, demonstrated increased deposition/expression in the injured vessel wall. Blockade of RAGE, employing soluble truncated receptor or antibodies, or in homozygous RAGE null mice, resulted in significantly decreased neointimal expansion after arterial injury and decreased smooth muscle cell proliferation, migration, and expression of extracellular matrix proteins. A critical role for smooth muscle cell RAGE signaling was demonstrated in mice bearing a transgene encoding a RAGE cytosolic tail-deletion mutant, specifically in smooth muscle cells, driven by the SM22a promoter. Upon arterial injury, neointimal expansion was strikingly suppressed compared with that observed in wild-type littermates. Taken together, these data highlight key roles for RAGE in modulating smooth muscle cell properties after injury and suggest that RAGE is a logical target for suppression of untoward neointimal expansion consequent to arterial injury.
Introduction
Expansion of the neointima is a unifying facet of innate chronic atherosclerosis and the response to acute arterial injury, such as that induced by angioplasty. Restenosis after vascular injury limits the long-term benefit of this intervention in many human subjects, even in the setting of interventions such as stenting and administration of anti-platelet or anti-inflammatory agents (1) (2) (3) (4) . Recently, the finding that sirolimus displayed potent antimitotic effects in vascular smooth muscle cells (SMCs) led to the testing of this agent in vivo; in experimental models, sirolimus-coated stents led to significantly reduced neointimal expansion in pig/rabbit models (5, 6) . In human subjects, at 6 months after angioplasty, strikingly reduced neointimal expansion and restenosis was observed versus therapy using standard stents (7) . Although systemic toxicity of this agent, however, precludes it for extended use in innate, longstanding disease of the systemic vasculature, these observations highlighted key roles for SMCs in the pathologic expansion of the neointima that ultimately impinges on the vascular lumen (8) (9) (10) (11) (12) (13) (14) . Taken together with findings suggesting important roles for mononuclear phagocytes (MPs) in magnifying cellular activation and inflammation within the injured vessel wall (15, responses and enhances cellular migration and proliferation (20) (21) (22) (23) (24) (25) . In atherosclerosis, pharmacologic blockade of the receptor stabilized established atherosclerosis in both euglycemic and diabetic mice deficient in apoE in the absence of alterations in glucose levels or lipid number/profile (17, 18) . These considerations led us to test the hypothesis that activation of RAGE in the acutely injured arterial wall might contribute to pathologic neointimal expansion.
Here, employing a murine model of arterial endothelial denudation, we show that RAGE and two of its ligands, advanced glycation end products (AGEs) and S100/calgranulins, are upregulated at the site of vascular injury, particularly within the expanding neointima. Inhibition of RAGE using a soluble, truncated form of the receptor (sRAGE) and anti-RAGE Ab's, as well as genetically manipulated mice, strongly suppressed neointimal formation in mice upon arterial denudation. In parallel, pathways critically modulated by RAGE signaling were central for intimal SMC proliferation, migration, and expression of ECM molecules. These events involved, at least in part, the Janus kinase-signal transducers and activators of transcription (JAK/STAT) pathway. These findings highlight the concept that RAGE importantly contributes to the biologic properties of proliferative/migratory SMCs and suggest that the beneficial effects of blockade of this axis might extend beyond chronic systemic atherosclerosis, but, as well, to the distinct lesion induced at the site of acute vascular injury.
Methods

Animals and induction of vascular injury.
Male C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, Maine, USA). Transgenic (Tg) mice were generated to drive expression of a signaling deficient mutant of RAGE (dominant negative, or DN), DN RAGE, in SMCs using an 445-bp prion of the SM22α promoter (26) . Tg cassettes were created by releasing a vector backbone using unique restriction enzymes (NotI and PmeI), and these were injected directly into mouse C57BL/6 oocytes. After mating with males, founders were identified by Southern blot analysis, and transmission of the transgene was verified. In our experiments, hemizygous Tg mice and wild-type littermates (all in C57BL/6 background) were employed. Homozygous RAGE null mice (generated in the 129 strain) were backcrossed three generations into C57BL/6; mating of heterozygous RAGE null males and females yielded heterozygous mice, as well as wildtype RAGE-bearing (RAGE +/+ ) and homozygous RAGE null animals (RAGE -/-). In all cases, littermates (wild type) were employed as controls.
The apoE-deficient mice (27) were purchased from The Jackson Laboratory (previously backcrossed more than ten generations into C57BL/6).
All procedures were approved by the Institutional Animal Care and Use Committee at Columbia University. Mice (male: age 8-12 weeks) were anesthetized with intraperitoneal injections of ketamine (50 mg/kg) and xylazine (5 mg/kg). A groin incision was made, and the common femoral artery was clamped at the level of the inguinal ligament; an arteriotomy was made distal to the epigastric branch. An angioplasty guide wire (0.25-mm diameter; Advanced Cardiovascular Systems Inc., Santa Clara, California, USA) (28) was inserted and placed in the femoral artery distal to the inferior epigastric artery. The clamp was removed, and the endoluminal denudation was induced by three passages of the guide wire (28) . In this model, denudation was limited to the intima. In instrumented arteries, vessels that had been subjected to excessive injury (beyond the intima) were readily apparent because the internal elastic lamina (IEL) was not visible. There arteries were immediately excluded from consideration. After removal of the wire, the arteriotomy site was ligated.
Mice were treated with sRAGE, mouse serum albumin (Sigma-Aldrich, St. Louis, Missouri, USA), anti-RAGE F(ab′) 2 , or nonimmune F(ab′) 2 at the indicated concentrations once daily by an intraperitoneal route. For BrdU labeling, mice received two intraperitoneal injections of BrdU (2.5 mg/injection; Sigma-Aldrich) 12 h and 1 h before sacrifice.
RAGE-related reagents. Murine soluble RAGE and rabbit anti-murine RAGE IgG were prepared and characterized as described (17, 22) . F(ab′) 2 fragments were prepared from rabbit IgG using a kit from Pierce Chemical Co. (Rockford, Illinois, USA). All materials were devoid of contaminating endotoxin Detoxi-gel columns (Pierce Chemical Co.) and then were reassayed for endotoxin contamination using the limulus amebocyte assay (Sigma-Aldrich).
Tissue analyses. Harvesting of vessel segments was performed by perfusion fixation for 5 min at physiologic pressure with formalin (10%). Specimens were fixed for 24 h in formalin (10%), segments were cut transversely at 3-mm intervals from the inguinal ligament to the epigastric artery, and tissues were embedded in paraffin. The section (5 µm) at the midportion of each femoral artery was treated with Van Gieson's elastic staining kit (Sigma-Aldrich), and the degree of intimal thickening was analyzed quantitatively using a Zeiss microscope and image analysis system (Media Cybernetics Inc., Silver Spring, Maryland, USA). Three types of measurements were made, all performed by one of the investigators blinded to the experimental protocol, including assessment of luminal area, the area encircled by the IEL, and the area encircled by the external elastic lamina (EEL). Intimal area was calculated by subtracting the area encircled by IEL from that encircled by the EEL. Image analysis of Masson's trichrome sections was performed by determining the area occupied by bluestained matrix using a chromogen-separating technique and analytical software (Adobe Photoshop 5.0; Adobe Systems Inc., Mountain View, California, USA).
Representative sections were stained with monoclonal anti-smooth muscle α-actin IgG (1:100; SigmaAldrich), rat monoclonal anti-mouse F4/80 IgG (1:50; Caltag Laboratories Inc., Burlingame, California, USA), rabbit anti-human S100b IgG (1:25; DakoCytomation, Glostrup, Denmark), and affinity-purified guinea pig anti-AGE IgG prepared against AGE-modified keyhole limpet hemocyanin (5 µg) (20, 29) . Sections were deparaffinized and blocked with hydrogen peroxide (3%) in methanol for 10 min. Blocking was performed with goat serum (4%) and BSA (1%) in PBS. Primary Ab's were added to slides and incubated overnight at 4°C. Secondary Ab's (1:100 affinity-purified biotinylated anti-mouse, rat, guinea pig, or rabbit IgG; SigmaAldrich) were added for 30 min. at room temperature. Sections were reacted with HRP-conjugated streptavidin (1:100; Sigma-Aldrich) for 30 min. at room temperature and developed with either 3,3′-diaminobenzidine (DAB substrate kit; Vector Laboratories, Burlingame, California, USA) or 3-amino-9-ethylcarbazole (AEC substrate kit; Vector Laboratories). Counterstaining was performed with Mayer's hematoxylin solution (Sigma-Aldrich). Masson's trichrome stain was performed according to standard techniques and quantified by image analysis, as discussed above.
SMC replication in the media and intima of arterial segments was evaluated by staining sections with rat monoclonal anti-BrdU IgG (1:100; Accurate Chemical & Scientific Co., Westbury, New York, USA). Numbers of stained nuclei and total nuclei in the neointima were counted, and a BrdU-labeling index was calculated (BrdU-labeled nuclei/total nuclei × 100%). Apoptotic cells were visualized by the TUNEL method (Apotag kit; Intergen Co., Purchase, New York, USA) applied to adjacent sections from the above experiment for assessment of BrdU positivity. TUNEL-positive cells were quantified, and an index of TUNEL-positive cells was determined by the same method described for the BrdU-labeling index above.
Immunoblotting and immunoprecipitation. At least eight arteries were snap-frozen in liquid nitrogen, pooled, and stored at -80°C. Tissue samples were ground to a fine powder under liquid nitrogen and incubated in ice-cold lysis buffer (Cell Signalling Technology, Beverly, Massachusetts, USA). Protein extracts of cultured cells were prepared with the same lysis buffer. Particulate material was removed by centrifugation, and protein concentration was determined by the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, California, USA). Equal amounts of total protein (10-30 µg/sample) were subjected to SDS-PAGE (7.5-12%) followed by electrophoretic transfer to nitrocellulose membranes (30) . Nonspecific binding was blocked by incubation of membranes with nonfat dry milk (5%) for 1 h. Blots were incubated with rabbit anti-human RAGE IgG (22) , rabbit anti-Erk1/2 (Promega Corp., Madison, Wisconsin, USA), anti-phospho-Erk1/2 IgG (Cell Signalling Technology), anti-Akt IgG (Cell Signaling Technology), anti-phospho-Akt IgG (Cell Signalling Technology), anti-Jak2 IgG (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA), anti-phospho Jak2 IgG (Affinity BioReagents Inc., Golden, Colorado, USA), antiStat3 IgG (Santa Cruz Biotechnology Inc.), or anti-phospho-Stat3 IgG (Cell Signalling Technology), each at a dilution of 1:1,000 for 3 h. HRP-conjugated donkey anti-rabbit IgG secondary Ab (1:2,000, Santa Cruz Biotechnology Inc.) was used to identify sites of binding of the primary Ab.
Complexes of sRAGE-and AGE-immunoreactive material were identified in the plasma of animals treated with sRAGE by immunoprecipitation with anti-RAGE IgG followed by immunoblotting with affinitypurified anti-AGE IgG (20, 29) . In brief, serum (25 µl) from mice subjected to arterial injury, treated with either vehicle, or sRAGE, or sham controls, was diluted 1:1 with PBS and incubated overnight at 4°C with anti-AGE IgG (10-20 µg/ml). Protein A/G (7 µl; Pierce Chemical Co.) was added for 1 h at room temperature, followed by three washes in Tris-buffered saline with Tween 20 (0.05%). After centrifugation, the pellet was solubilized in reduced SDS sample buffer (40 µl) and subjected to SDS-PAGE (10%) under reducing conditions. Proteins were electrophoretically transferred to nitrocellulose, membranes were blocked with nonfat dry milk (10%), and then incubated with primary Ab for 3 h at 37°C (rabbit anti-RAGE IgG; 4 µg/ml) followed by secondary Ab (peroxidase-conjugated donkey anti-rabbit IgG, 1:40,000; The Jackson Laboratory) for 1 h at room temperature.
RNA extraction and RT-PCR. Total RNA was extracted from at least eight vessels prepared as for immunoblotting above, or from lung tissue in the case of RAGE null and control mice, except that Trizol reagent (Life Technologies Inc., Rockville, Maryland, USA) was employed. Reverse transcription was done with Superscript II (Life Technologies Inc.), primed by oligo-dT, following the protocol suggested by the manufacturer. The following primers were used: for mouse RAGE, sense (5′-AGCGGCTGGAATGGAAACT-GAACA-3′) and antisense (5′-GAAGGGGCAAGGGCA-CACCATC-3′); for mouse matrix metalloproteinase 12, sense (5′-GCAGTGCCCCAGAGGTCAAG-3′) and antisense (5′-TGCTGGGGTTAAGGTATCTGTAGG-3′); for mouse S100, sense (5′-GCTGACCACCATGCCCCTGTAG-3′) and antisense (5′-CTGGCCATTCCCCTCCTCTGTC-3′); and for mouse tenascin-C, sense (5′-CGGGATCTTC-GACATGTTTACTAT-3′) and antisense (5′-CCTTCCGC-GGCTTATTCC-3′). To control for differences in total RNA, β-actin transcripts were visualized by RT-PCR using as primers sense (5′-GTGGGCCGCTCTAGGCAC-CAA-3′) and antisense (5′-CTCTTTGATGTCACGCAC- . For studies to analyze expression of transcripts from Tg DN-RAGE mice, the following primers were used for human RAGE: (a) spanning a portion of the extracellular domain, sense (5′-GGAAGCCCCTGGT-GCCTAATGA-3′) (482-503 bp) and antisense (5′-GCCC-CTCCTCGCCTGGTTC-3′) (964-982 bp); and (b) spanning from the transmembrane domain to the cytosolic tail, sense (5′-AGGATCAGGGCTGGGAACTC-TA-3′) (1002-1023 bp) and antisense (5′-TCCCCCT-GAACCTGAAACATAAAA-3′) (poly A tail).
Assessment of myeloperoxidase activity. Femoral arteries were retrieved rapidly from mice at sacrifice and homogenized in hexadecyltrimethylammonium bromide followed by freeze/thaw cycles to release myeloperoxidase from leukocyte granules. Myeloperoxidase activity was measured as described previously (31) .
Cell culture and in vitro assays on cultured SMCs. Mouse vascular SMCs were cultured from the aortas using a modification of the procedure of Tarvo and Barret (32) . Experiments were conducted on SMCs after five to seven passages in culture. Cultures were composed of more than 95% SM-α-actin based on immunostaining.
Migration assays were performed using 48-well microchemotaxis chambers (Neuro-Probe Inc., Gaithersburg, Maryland, USA) containing a polycarbonate membrane with 8-µm pores (Neuro-Probe Inc.). For cell migration studies, suspensions of SMCs (2 × 10 4 cells/well) were prepared and added to the upper compartment of the microchemotaxis chamber, and chemotactic agents were placed in the lower and/or upper compartments (S100b; Calbiochem-Novabiochem Corp., San Diego, California, USA). Chambers were incubated for 4 hours at 37°C in a humidified 5% carbon dioxide/air atmosphere. Cells attached to the upper side of the filter were removed manually by scraping, and cells migrating through pores of the membrane and emerging on the lower side were visualized by staining with Coomassie blue (Sigma-Aldrich). The latter cells were counted under the light microscope (×400). For each filter, the number of cells in three adjacent fields was counted, and the average was determined. Migrating SMCs were quantified from at least four separate filters, and the results were averaged. The latter average was considered to represent the number of cells migrating across the filter under a particular condition. The migration assay was repeated twice with different SMC preparations from the pooled cell lines with consistent results. In experiments using anti-RAGE IgG, nonimmune IgG, and AG490 (Calbiochem-Novabiochem Corp.), cells were preincubated with these agents or vehicle alone for 2 h (Ab's) or 30 min (AG490) at 37°C prior to the addition to microchemotaxis chambers.
Proliferation of cultured SMCs was quantified by 3 H-thymidine incorporation. SMCs were seeded at a density of 2 × 10 4 cells/well in 24-well tissue culture-treated plates and incubated in serum-free DMEM for 48 h. Following a 120-minute preincubation with the indicated concentration of anti-RAGE IgG, nonimmune IgG, or AG490, cells were exposed to serum-free DMEM containing the indicated concentration of S100b along with 3 H-thymidine (1 µCi/well). After the incubation period, cells were harvested 48 hours later, and cellular proliferation was determined based on the incorporation of 3 H-thymidine. Cell counting confirmed that increased 3 H-thymidine incorporation reflected an increase in cell number as described previously (33) . For positive control to test the ability of SMCs to migrate/proliferate, 100 ng/ml platelet-derived growth factor (PDGF-BB; SigmaAldrich) was employed.
Expression of tenascin-C transcripts was assessed upon exposure of cultured murine SMCs (2 × 10 5 cells) for 12 h at 37°C to S100b (5 µg/ml) alone or following preincubation for 2 h with anti-RAGE IgG (10 µg/ml) or nonimmune IgG (10 µg/ml). Total RNA was isolated and subjected to RT-PCR as above.
Statistical analysis. All data are expressed as the mean plus or minus the SE of the mean. All analyses were performed using the Statview Statistical package (version j4.5). To determine statistical significance, the Student unpaired t test was used for a comparison between groups. ANOVA with post-hoc analysis with the Bonferroni/Dunn test was used to compare three or more groups. P values of less than 0.05 were considered statistically significant.
Results
RAGE and its ligands, AGEs and S100/calgranulins, are upregulated in the vessel wall upon acute arterial injury.
Femoral artery denudation injury in C57BL/6 mice was accomplished upon three passages of an angioplasty guide wire. To examine expression of RAGE and its ligands after injury, we first performed RT-PCR. Compared with sham (uninstrumented control) vessels, RAGE transcripts were increased by day 3 after injury and remained elevated in the vessel through day 28 ( Figure 1a) . Immunostaining of the injured arterial segment demonstrated upregulation of RAGE within the neointimal and medial cells by day 4 in a distribution overlapping that of the SMC marker, α-actin ( Figure  1b ; right-most panel is staining for α-actin). Consistent with previous observations, very few MPs were noted in the neointima or media after arterial injury in wild-type C57BL/6 mice at 4, 7, or 14 days after injury, as assessed by staining with Ab's to the MP marker, F4/80 (data not shown) (28) .
To determine if enhanced ligand formation/deposition in the injured arterial segment might contribute to RAGE-dependent cellular activation, we assessed expression of ligands for the receptor in the vessel wall. RT-PCR showed induction of S100 transcripts by 3 days after injury, which, as in the case of RAGE, persisted through 28 days after acute injury ( Figure 1a ). In the vessel wall, immunohistochemistry performed with polyclonal Ab reactive with S100b demonstrated S100 antigen throughout the intima and media of the damaged vessel (Figure 1c ). These findings are consistent with multiple previous studies demonstrating that S100s are upregulated by injury, such as that induced by cutaneous wounding, or by acute cellular activation induced by rapidly acting mediators such as LPS (34) (35) (36) (37) .
In addition to S100/calgranulins, we sought evidence for generation of AGEs, another class of RAGE ligand (25) within the injured vessel wall. We employed an affinity-purified Ab to an heterogeneous group of AGEs, the principal immunoreactive epitope of which was carboxy(methyl) lysine-modified (CML-modified) adducts (25) . Although at baseline, few if any immunoreactive AGE epitopes were evident in the ves-sel wall, immunohistochemistry revealed an increase in AGE deposition/formation upon injury. AGEs were observed in the neointima within 4 days of arterial injury and persisted until day 21 (Figure 1d ), consistent with previous findings in a model of balloon injury-induced damage to the rat carotid artery (38) . Furthermore, to identify potential mechanisms by which AGEs might be generated upon acute arterial injury in euglycemic mice, we sought evidence for generation of oxidant stress in the injured vessel wall, a known trigger of AGE formation, even in the absence of elevated levels of glucose. Compared with sham treatment, arterial injury resulted in a significant increase in myeloperoxidase (MPO) activity at 1 h after guide-wire injury (Figure 1e ). These findings bear significance in at least two settings; first, enhanced MPO activity is linked to generation of oxidant stress, and second, increased MPO activity is linked directly to generation of CML-AGEs (39) (40) . Taken together, these observations provide a mechanism by which acute arterial injury induces generation of AGEs; together with increased expression of S100/calgranulins, we hypothesized that the overlapping expression of these ligands with RAGE sets the stage for RAGE-driven enhanced cellular activation and neointimal expansion after injury.
Blockade of ligand-RAGE interaction suppresses neointimal expansion. Based on the expression/upregulation of RAGE and its ligands after injury, we tested whether blockade of ligand-RAGE interaction might impact on neointimal expansion. First, we blocked ligand-RAGE binding by administration of sRAGE, the truncated extracellular ligand-binding domain of the receptor in C57BL/6 mice. Soluble RAGE was administered from the day prior to injury (day 0) through postinjury day 7, and animals were studied up to day 28. Compared with mice treated with vehicle, murine serum albumin (MSA), mice receiving sRAGE, 100 µg, displayed significantly decreased neointimal expansion, as assessed by intimal/medial (I/M) ratio over 1, 2, 3, and 4 weeks after injury (Figure 2a ; representative sections illustrated by van Gieson's elastic stain from MSA-and sRAGE-treated mice are shown in Figure 2 , b and c, respectively). The effects of sRAGE were dose
Figure 1
Expression of RAGE and S100/calgranulins and accumulation of AGEs following arterial injury. (a) Femoral artery guide-wire injury was performed in C57BL/6 wild-type mice, and RNA was harvested for RT-PCR using primers for RAGE, S100, and β-actin at the indicated times. (b-d) Immunohistochemistry was performed on femoral artery segments harvested at the injury site using an Ab to RAGE (b), S100b (c), or AGE (d). In b, sections were stained with Ab to smooth muscle α-actin. Scale bar: 50 µm. (e) Myeloperoxidase activity. Wild-type mice were subjected to arterial injury; 1 h after injury, vessel segments from the injured versus uninstrumented controls were retrieved and assayed for MPO activity. For each point, vessels were harvested and pooled from n = 2 mice per condition. Finally, data from three sets of pooled animals per condition are reported. dependent; although 100 µg/day from day 0 through postinjury day 7 exerted a significant impact on suppression of neointimal expansion, animals receiving either 2 or 20 µg sRAGE per day failed to display statistically significant decreases in I/M ratio (Figure 2d ). Furthermore, RAGE-dependent mechanisms impacting on neointimal expansion were most relevant in the days immediately following injury; when sRAGE administration was begun 7 days or more after arterial injury, no beneficial impact on neointimal expansion was observed (Figure 2e ). Soluble RAGE exerts its effects indirectly, by blocking ligand engagement of the cell surface receptor. To directly block the receptor and assess the impact on neointimal expansion, F(ab′) 2 fragments of anti-RAGE IgG (and nonimmune rabbit IgG) were prepared (21, 22) . Administration of anti-RAGE F(ab′) 2 from days 0-7 (injury, day 1) resulted in significant suppression of I/M ratio compared with animals treated on the same schedule with nonimmune rabbit F(ab′) 2 (Figure 2f ). These data implicate ligand-RAGE interaction in the vascular response to arterial injury. Direct support for the interaction of RAGE with its ligands was obtained by immunoprecipitating serum from sRAGE-treated animals with affinity-purified anti-AGE IgG, followed by immunoblotting with Ab immunoreactive with RAGE. By Western blot analysis, an immunoreactive RAGE band with molecular mass of approximately 40 kDa was observed on day 3 after injury in sRAGE-treated mice with affinity-purified anti-AGE IgG followed by immunoblotting with anti-RAGE IgG (Figure 2g , lane 2), but not in mice treated with MSA ( Figure 2g, lane  1) . In Figure 2g , lane 3 shows normal mouse serum subjected to the same procedure of immunoprecipitation/blotting procedure as control. Importantly, when anti-AGE IgG was replaced with nonimmune IgG in the immunoprecipitation step of serum from sRAGEtreated mice 3 days after arterial injury, no band immunoreactive with RAGE was observed on Western blotting with anti-RAGE IgG (Figure 2g, lane 4) .
Homozygous RAGE null mice and mice expressing signaling deficient mutation DN RAGE in SMCs display decreased neointimal expansion upon arterial injury. In addition to pharmacologic blockade of the ligand-receptor interaction, our next studies were focused on employing genetically modified mice to test the role of RAGE and its signaling in SMCs in the response to arterial injury. In the former case, we employed homozygous RAGE null mice, and in the latter case we employed Tg mice with targeted expression of a DN form of the receptor in SMCs. Homozygous RAGE null mice display normal reproductive fitness, life span, and cardiovascular function in the
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The absence of stress. In homeostasis, these animals display no obvious phenotype. Compared with wild-type mice, RAGE null mice did not display mRNA nor antigen for RAGE by either RT-PCR or Western blot analysis of lung tissue ( Figure 3 , a and b, respectively). Homozygous RAGE null mice backcrossed three generations into C57BL/6 displayed markedly decreased neointimal expansion compared with RAGE-bearing littermate controls on day 28 after injury ( Figure 3c ). Figures 3, d and e, reveal representative micrographs from injured vessels on day 28 in wild-type littermates, compared with homozygous RAGE null mice, respectively. Importantly, consistent with a central role for preformed RAGE antigen in the endogenous response of the artery to acute injury, MPO activity of vessel segments retrieved from RAGE null mice was significantly lower than that observed in wild-type littermates 1 hour after injury (Figure 3f) . No differences were observed in MPO levels between sham-treated RAGE null mice versus wild-type controls (data not shown). Importantly, although the levels of MPO activity in the RAGE null mouse were not reduced to those observed in sham-treated mice, these data, nevertheless suggest that, at least in part, endogenous levels of RAGE contribute to the innate response to acute vascular injury. Because the immunohistochemistry studies in Figure 1 strongly suggested that the SMCs were the principal RAGE-expressing cell in the expanding neointima after injury, we directly tested the impact of RAGE signaling in SMCs on the response to arterial injury. We prepared Tg mice expressing a truncated form of RAGE devoid of the cytosolic domain (DN-RAGE). Although DN-RAGE bears the extracellular domain and transmembrane-spanning domain, the absence of the cytosolic domain renders the expressed protein devoid of RAGE signaling, even in cells bearing the wild-type receptor (21, 22, 25) . A transgene was created in which expression of DN-RAGE was placed under control of the SM22α promoter (26) to direct expression to SMCs (termed Tg SM22-DN-RAGE). In these studies, transgenic mice were generated directly in the C57BL/6 background. Southern blot analysis revealed three Tg SM22-DN-RAGE founders (Figure 3g shows a typical founder). In our experiments, hemizygous Tg
Figure 3
Role of RAGE in acute arterial injury: studies in mice with genetically manipulated levels of RAGE/RAGE function. (a-f) RAGE null mice. Lung tissue retrieved from homozygous RAGE null mice or wild-type animals was subjected to RT-PCR for detection of RAGE mRNA or Western blotting (a and b). Mice were subjected to femoral artery guide-wire injury. I/M ratio was determined on day 28 (c) and van Gieson's elastic staining was performed on a representative femoral artery section from a wild-type mouse (d) and a RAGE null mouse (e). Scale bar: 50 µm. (f) MPO activity. One hour after injury, vessel segments were retrieved from RAGE null and wild-type mice and subjected to MPO activity assays. Vessels were harvested and pooled from n = 2 mice per condition. Data from three sets of pooled animals per condition are reported. (g-l) Tg SM22-DN-RAGE mice. Tg SM22-DN-RAGE mice were identified by Southern blotting (g). RT-PCR was performed on samples from Tg mice overexpressing full-length RAGE (lanes 1 and 2) or DN-RAGE (lanes 3 and 4). (h) Western blotting was performed on lysates retrieved from the aortae of wild-type and Tg animals (i). Immunostaining with anti-RAGE IgG of femoral artery from Tg SM22-DN-RAGE mice (k) compared with a vessel from a non-Tg littermate (j). Scale bar: 25 µm. (l) Tg SM22-DN-RAGE mice and littermates were subjected to femoral artery injury and I/M ratio was determined on day 28. In l, there were at least 10-20 vessels per experimental condition. mice and littermate controls were employed. RT-PCR analysis was performed with primers spanning the region from the transmembrane-spanning domain to the poly A tail and demonstrated a smaller amplicon in samples from Tg SM22-DN-RAGE animals ( Figure  3h , lane 4) compared with control mice overexpressing full-length RAGE (lane 2). This finding is consistent with deletion of the cytosolic tail of RAGE in transcripts from animals bearing the DN-RAGE transgene. In contrast, RT-PCR with primers spanning a portion of the extracellular domain of the receptor (which was identical in full-length and DN-RAGE transcripts) displayed an amplicon of the same size in the mice overexpressing full-length or DN-RAGE (Figure 3h, lanes 1 and 3) . By Western blot analysis, the band immunoreactive with RAGE in lysates prepared from the aortae of Tg SM22-DN-RAGE mice was of greater intensity and breadth than that observed in wild-type mice (after normalization to levels of β-actin), consistent with the concept that DN-RAGE would be expected to be slightly smaller than the wild-type receptor (Figure 3i ). Consistent with these observations, immunostaining of uninstrumented femoral arteries from Tg SM22-DN-RAGE mice demonstrated an increase in RAGE antigen in SMCs, presumably due to expression of the DN-RAGE transgene, compared with non-Tg littermates ( Figure  3 , k and j, respectively; note that RAGE antigen is expressed, albeit at a lower level, in the vascular SMCs of non-Tg mice). When Tg SM22-DN-RAGE mice were subjected to arterial injury, the resulting I/M ratio was significantly decreased compared with non-Tg littermates (Figure 3l ). Thus, these observations led us to focus our efforts on identifying the molecular mechanisms through which RAGE contributed to the response of vascular SMCs to arterial injury.
In vivo analyses of mechanisms underlying RAGE-dependent expansion of the neointima. First, we examined SMC proliferation in the injured artery in mice treated with sRAGE versus those mice treated with vehicle, MSA. In vivo BrdU labeling was performed on day 7 after acute arterial injury. A significant decrease in BrdU-labeling index was observed in sRAGE-treated mice compared with vehicle-treated controls after injury (21% ± 3% versus 38% ± 8%; P < 0.05; Figure 4a ). In contrast, few BrdU-labeled cells were evident in the media at this time point (data not shown). Because of the possibility that decreased neointimal expansion might also reflect cell loss through apoptosis, evidence of cellular commitment to programmed cell death was sought. Thus, vascular sections were studied using the TUNEL method. However, TUNEL-positive nuclei were detected with very low frequency in both control and sRAGEtreated vessel segments 7 days after injury (Figure 4b ).
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Figure 4
Mechanisms underlying sRAGE-mediated suppression of neointimal expansion in wild-type mice. (a) BrdU-labeling index. Mice were subjected to femoral artery guide-wire injury followed by intraperitoneal injection of BrdU and sacrifice on day 7. Nuclei immunoreactive with BrdU were quantitated, and the index in the neointima was reported. (b) TUNEL index. Mice were subjected to femoral artery guidewire injury followed by sacrifice on day 7. Vessels were subjected to TUNEL staining, and data are expressed as an index of TUNEL-positive nuclei in the neointima. (c and d) Activation of Erk1/2 and PKB. Mice were subjected to femoral artery guide-wire injury and sacrificed 30 min later. SDS-PAGE/Western blotting with Ab's to phospho-Erk1/2 (p-Erk1/2) or total Erk1/2 (c) or phospho-PKB (p-PKB) or total PKB were employed. (e and f) Activation of Jak2/Stat3. Mice were subjected to femoral artery guide-wire injury and sacrificed 7 days later. SDS-PAGE/Western blotting with Ab's to phospho-Jak2 (p-Jak2) or total Jak2 (e) or phospho-Stat3 (p-Stat3) or total Stat3 (f) were employed. (g) Transcripts for MMP12, tenascin-C, and β-actin. Mice were subjected to femoral artery guide-wire injury. On day 7, total RNA was harvested for RT-PCR using the indicated primers. (h, i, and j) Masson's trichrome stain. Mice were subjected to femoral artery guide-wire injury and sacrificed on day 28. Sections of femoral artery were stained with Masson's trichrome reagent (i and j), and images were analyzed to determine the area occupied by blue staining ECM (h). Scale bar: 50 µm. The above experiments employed at least eight vessels for each experimental condition, and experiments were repeated three times.
Similarly, a paucity of TUNEL-positive nuclei was observed in sections from sRAGE-treated mice at earlier and later time points (data not shown). These data are consistent with previous work in this model demonstrating that only at 14 days after injury was there any evidence of significant apoptosis in the neointima (41) . Since the impact of blockade of RAGE was only evident when sRAGE was administered in the first 7 days after injury, these findings support the concept that RAGE blockade partially suppressed intimal proliferation, without increasing apoptosis in the injured arterial wall. Next, we sought to examine the RAGE-dependent signal transduction pathways linked to cellular proliferation after arterial injury. Previous studies have shown that the mitogen-activated protein kinase pathway, especially extracellular signal-regulated protein kinase (Erk1/2) and PI3K, undergo activation in the early
Figure 5
Effect of RAGE on properties of cultured SMCs. (a-c) Aortic SMCs from wild-type (a), RAGE null (b), and Tg SM22-DN-RAGE mice (c) were exposed to S100b or PDGF for 10 min, and cells were harvested for phospho/total-Stat3 by Western blotting. (d-f) Cultured SMCs were added to the upper compartment of microchemotaxis chambers, and S100b was added to upper/lower compartment for 4 h (d). The migration assay was performed as in d, except that cells were preincubated with anti-RAGE IgG or nonimmune IgG. Migration was initiated by addition of either S100b or PDGF (lower compartment) (e). The migration of wild-type SMCs preincubated for 30 min with AG490 was studied as in d in the presence of S100b (5 µg/ml) (f). (g-i) Serum-starved cultured SMCs from wild-type mice were incubated with the S100b for 2 days, and DNA synthesis was quantitated by 3 H-incorporation (g). SMCs cultured from RAGE null or Tg SM22-DN-RAGE mice were exposed to S100b or PDGF (g). The assay was performed as in g (wild-type SMCs), except that anti-RAGE IgG or nonimmune IgG was added, and cultures were exposed to S100b or PDGF (h). Cultured SMCs from wild-type mice were exposed to S100b in the presence of AG490, and 3 H-thymidine incorporation was determined (i). (j) SMCs from wild-type mice were exposed to S100b for 12 h, and RNA was harvested for RT-PCR using primers for tenascin-C or β-actin.
phase of cellular proliferation in the repairing arterial segment (42, 43) . To study these cascades, phosphorylation of Erk1/2 and protein kinase B (PKB), the latter a downstream target of PI3K (44), was assessed.
Homogenates of the damaged artery were harvested 30 min after the injury. Immunoblot analysis revealed increased levels of phospho-Erk1/2 and phospho-PKB, compared with uninstrumented arterial segments (approximately 1.75-and 2.5-fold, respectively; P < 0.05) (Figure 4, c and d) . In mice treated with sRAGE, however, no suppression of phosphorylation of Erk1/2 or PKB was observed ( Figure 4, c and d) . Previous work has shown that pharmacologic blockade of mitogenactivated protein kinase-1 or PI3K suppressed an early phase of medial cell proliferation, but was without effect on intimal proliferation, the latter contributing centrally to restenosis in rodent models (42, 43) . A recent study, however, demonstrated activation of Jak2 and Stat3 (as well as more transient activation of Stat1) following arterial injury (45) . In support of a role for Jak2 in these pathways, it has been shown that the Jak2 antagonist AG490 suppressed neointimal SMC replication and reduced neointimal formation after arterial injury (45) . Because RAGE-mediated activation of the JAK/STAT pathway has been shown previously in a line of cultured cells (46) , it was therefore logical to test the impact of RAGE blockade on this pathway in vivo. Thus, we analyzed phosphorylation of Jak2 and Stat3 in injured femoral artery segments. On day 7, increased phospho-Jak2 and phospho-Stat3 were observed, compared with untreated controls (approximately fourfold), consistent with activation of these signaling proteins ( Figure 4 , e and f). Arterial segments retrieved on day 7 from animals treated with sRAGE displayed significantly decreased suppression of Jak2 and Stat3 phosphorylation (P < 0.05; Figure 4 , e and f). These findings suggested that RAGE-dependent phosphorylation of Jak2 and Stat3 contributes to enhanced SMC proliferation in the acutely injured vessel wall. Neointimal expansion in the injured vessel wall depends on a number of factors beyond increased cellular proliferation, such as remodeling and expansion of the ECM (47) . A recent study in the rat carotid balloon angioplasty model demonstrated four temporal patterns of altered gene expression compared with uninjured vessels (48) . One pattern (wave 3), involving expression of tenascin-C and MMP12, both linked to accumulation and remodeling of ECM, was especially striking; in each case, gene expression was strongly and continuously increased until day 28. Transcripts for tenascin-C and MMP12 were evident on day 7 after vascular injury compared with samples from uninjured control vessels by RT-PCR (Figure 4g ). In animals treated with sRAGE, however, suppression of transcripts for both tenascin-C and MMP12 were observed. Induction of each of these genes was confirmed at both time points in MSA-treated controls, whereas administration of sRAGE led to significant reduction in transcript levels for each (Figure 4g ). To assess overall accumulation of ECM after femoral artery injury, Masson's trichrome staining on vessels harvested on day 28 was employed. Compared with uninjured controls, a representative femoral artery from an injured vessel displayed neointimal expansion and evidence of increased ECM (blue-staining material) (Figure 4, i and h ). Both neointimal expansion and ECM were decreased by treatment with sRAGE, compared with MSA-treated animals ( Figure 4, j and i, respectively and Figure 4h ).
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Figure 6
Effect of sRAGE on neointimal expansion in apoE null mice. (a-h) ApoE null mice were subjected to femoral artery guide-wire injury (day 1), and animals were treated with either sRAGE or MSA (100 µg/day, intraperitoneally, days 0-7) and sacrificed on day 28. Representative sections were treated with van Gieson's elastic stain (a and b) or subjected to immunohistochemistry with anti-F4/80 IgG (d-g). The I/M ratio was determined on day 28 in the two groups of mice (c). (h) For 4/80-stained sections, image analysis was performed, and the area occupied by immunoreactive cells in the neointima and media was determined. These experiments employed at least eight vessels for each experimental condition, and the experiment was repeated twice. Scale bars: a, b, d, and f, 50 µm, and e and g, 25 µm.
In vitro analyses of mechanisms underlying RAGE-dependent expansion of the neointima. First, it was necessary to confirm RAGE-dependent activation of the JAK/STAT pathway in SMCs retrieved from mouse aorta. RAGE antigen was present on cultured SMCs from wild-type and Tg SM22-DN-RAGE mice, but not on cells from RAGE null mice. To test these concepts, aortic SMCs were incubated with the RAGE ligand S100b (22) , and cellular properties were examined. When SMC cultures from wildtype mice were exposed to S100b, phosphorylation of Stat3 was evident (Figure 5a) , consistent with our observations in injured vessel segments in vivo (Figure 4f ). SMCs retrieved from the aorta of RAGE null mice and Tg SM22-DN-RAGE animals, however, failed to reveal S100b-stimulated phosphorylation of Stat3 ( Figure 5 , b and c, respectively), consistent with studies in injured arterial segments. In contrast, using a different stimulus, PDGF, which is not a ligand for RAGE, no suppression of phosphorylation of Stat3 was observed in cultured SMCs from wild-type, RAGE null, or Tg SM22-DN-RAGE animals ( Figure 5 , a-c, respectively). These data support the contention that ligand-RAGE interaction is a distinct axis resulting in Stat3 activation in SMCs.
In addition to cellular proliferation and excess ECM formation/deposition after arterial injury, we studied the role of SMC RAGE in mediating cellular migration, a key facet of neointimal expansion after injury (8, 47) . Indeed, previous studies demonstrated key roles for RAGE in mediating ligand-stimulated migration of RAGE-bearing MPs and tumor cells (20, 21) . Here, we first assessed the impact of this axis on SMCs using the RAGE ligand S100b as a chemotactic stimulus. In modified Boyden chambers, addition of increasing amounts of S100b to the lower compartment increased the number of migrating SMCs retrieved from the aortae of wild-type mice in a dose-dependent manner ( Figure  5d ). Importantly, cell migration was directional, i.e., not simply due to chemokinesis, because simultaneous placement of S100b in the upper compartment, thus blocking concentration gradient initiated by RAGE ligand in the lower compartment, decreased SMC movement (Figure 5d ). Evidence for the RAGE dependence of these phenomena was shown using RAGE-modified mice. S100b-induced migration of SMCs was markedly decreased in cells retrieved from RAGE null and Tg SM22-DN-RAGE mice (Figure 5d ), although their chemotaxis to PDGF was not impaired (data not shown), consistent with the concept that the latter was not a ligand for RAGE. Furthermore, chemotaxis of SMC retrieved and cultured from wild-type mice induced by S100B was decreased in the presence of anti-RAGE IgG, but not by nonimmune IgG (Figure  5e ). RAGE blockade had no effect, however, on chemotaxis mediated by PDGF (Figure 5e ). An important role for the JAK/STAT pathway in S100b-induced SMC migration was consistent with the partial inhibitory effect of AG490 (Figure 5f ).
Next, we assessed the impact of RAGE-dependent SMC proliferation using 3 H-thymidine incorporation as the biologic end point for these experiments. Incubation of SMCs from wild-type mice with S100b increased incorporation of 3 H-thymidine, with a maximum of approximately twofold (Figure 5g ; the increase in incorporation of 3 H-thymidine correlated with an increase in SMC number). SMC proliferation in response to S100b was significantly blunted in cells retrieved from RAGE null or Tg SM22-DN-RAGE animals (Figure 5g ), but was not affected in response to PDGF (data not shown). Furthermore, SMC incubation with anti-RAGE IgG suppressed incorporation of 3 H-thymidine in response to S100b, but nonimmune IgG had no effect (Figure 5h) . Incubation of wild-type SMCs with S100b in the presence of AG490 resulted in a dose-dependent suppression of SMC proliferation (down to baseline levels) (Figure 5i ). These findings were consistent with our in vivo studies and strongly suggested that RAGE-dependent mechanisms were linked to phosphorylation of Stat3 and cellular proliferation, in parallel.
Finally, we sought to test the impact of RAGE activation by S100b in SMCs on expression of tenascin-C. When SMCs from wild-type mice were exposed to S100b, RT-PCR analysis demonstrated upregulation of tenascin-C transcripts (Figure 5j ). Upregulation of tenascin-C transcripts by S100b was blocked in the presence of anti-RAGE IgG, but not by equal concentrations of nonimmune IgG (Figure 5j ).
Taken together, these studies employing SMCs retrieved directly from wild-type mice as well as RAGE-modified mice revealed that RAGE-dependent stimulation by S100b impacted importantly on SMC proliferation, migration, and expression of tenascin-C, all key features linked to neointimal expansion after arterial injury.
RAGE-dependent suppression of neointimal expansion in an atherosclerosis-prone environment -studies in apoE null mice. Lastly, we sought to test the impact of RAGE in neointimal expansion in an environment more likely to mirror that observed in the primate vessel wall in which hyperlipidemia importantly modulates the response to arterial injury. To simulate an atherosclerosis-prone environment, we induced femoral artery endothelial denudation injury in apoE null mice and assessed the impact of RAGE blockade. We employed apoE null mice in the C57BL/6 background at age 12 weeks, a time at which frank atherosclerosis in the femoral arteries has not yet occurred to a measurable degree, though hypercholesterolemia is certainly present (49) . Our past studies indicated that although administration of sRAGE impacted on initiation and progression of atherosclerosis in these animals, there was no effect on the levels/profile of lipid (17, 18) . Upon femoral artery injury, animals treated with sRAGE from day 0 through day 7 (injury on day 1) demonstrated attenuation of neointima with an I/M ratio of 0.21 ± 0.11 versus that observed in MSA-treated mice, 1.93 ± 0.35 (P < 0.0001; Figure 6 , a-c). Furthermore, in marked contrast to analyses in wild-type C57BL/6 mice, in which few MPs are observed in the neointima/media of injured arterial vessels (28) , histologic analysis demonstrated the presence of infiltrating MPs in the expanding neointima of apoE null mice treated with MSA at 28 days (Figure 6, d, e, h ). In apoE null mice treated with sRAGE, however, a prominent decrease in numbers of MPs present in the neointima and media after injury, as demonstrated by immunohistochemistry using anti-F4/80 IgG, was observed ( Figure 6 , f-h).
Discussion
Mechanisms underlying neointimal expansion triggered by denuding arterial injury span a broad range of fundamental biologic pathways, as diverse as proteolytic activity capable of cleaving insulin-like growth factor binding protein-4 (50), vessel wall expression of chemokines (51, 52) , and the well-established contributions of growth factors for SMCs (8, 53, 54) . A key facet of the biology of restenosis is that mechanisms linked to reprogramming of vascular properties are set and well underway within the first hours and days after injury; once triggered, such pathways lead to neointimal expansion over the ensuing days to weeks. Here, we have shown that RAGE-dependent mechanisms in modulation of SMC properties are engaged within the first hours to days after injury; indeed, administration of sRAGE was ineffective when first initiated beyond the 7 days immediately following acute arterial injury. Although it is difficult to be certain which occurs first, ligand accumulation or upregulated receptor expression, based on studies presented here we posit the following likely scenario. We speculate that enhanced MPO activity within the first hour after injury, induced at least in part by polymorphonuclear leukocytes attracted immediately to the injured arterial segment, triggers oxidant stress (39) , thereby providing a definitive mechanism leading to formation of AGEs (38) (39) (40) . We hypothesize that once formed, AGE ligands of the receptor likely stimulate enhanced expression of RAGE itself (55, 56) . In parallel, studies have suggested that acute injury, as well as proinflammatory stimuli, may enhance expression of S100/calgranulin ligands of RAGE (34-37), thus providing a mechanism for enhanced RAGE expression, as well. Indeed, S100/calgranulins are expressed in a wide range of cell types, including SMCs and fibroblasts (57) (58) (59) and, in fact, may be released from activated cells, thereby facilitating interaction with cell surface RAGE (60). Our immunohistochemical studies, as displayed in Figure 1 , strongly suggest that S100s may be expressed in injured SMCs and adventitial cells. Taken together with increased accumulation/formation of AGEs in the injured vascular segment, we propose that enhanced ligand-receptor expression provides a novel axis leading to sustained cellular activation and stress, and, thus, exaggerated neointimal formation after acute arterial injury.
Yet, the situation appears likely to be more complex. Specifically, endogenous very low levels of RAGE antigen in the artery subjected to injury likely contribute, at least in part, to the vascular response. As RAGE null mice displayed decreased MPO activity within 1 h after denuding arterial injury compared with wild-type animals, these findings prompt the hypothesis that RAGE plays an innate and immediate role in the response to arterial injury. Furthermore, upon enhanced injury-triggered expression/formation of ligands such as AGEs and S100/calgranulins, RAGE expression is further augmented, thereby importantly modulating the vessel wall response. RAGE-dependent mechanisms, at least in part, then contribute to increased SMC migration, proliferation, and expression of ECM proteins and, thus, exaggerated neointimal formation and restenosis.
Importantly, it is essential to note that in our in vitro analyses, blockade/genetic deletion or modification of SMC RAGE did not affect the SMC response to PDGF in that RAGE blockade had no effect on SMC proliferation or migration in the presence of PDGF ( Figure 5 ). These findings highlight the concept that RAGE is engaged and activated by distinct ligands within the injured vessel wall and that PDGF is not one such ligand. Although it is highly possible that levels of PDGF are reduced in RAGE-blocked arterial segments in vivo, however, the means by which this would occur is not dependent on direct stimulation of RAGE. Rather, it is possible that in vivo, blockade of the ligand-RAGE axis may impact on PDGF generation in the injured environment by interception of common signalling pathways downstream of the initiating cell surface events.
It is well-recognized that the vascular milieu of wildtype mice is quite different from that in an atherosclerosis-prone environment. It was thus for this reason that we performed studies in apoE null mice. In apoE null mice, the response to arterial injury involves inflammatory mechanisms associated with an influx of MPs (compared with wild-type animals), as well as proliferative/migratory SMC components linked importantly to the vascular response to acute injury (8, 15, 16, 47, 52, (61) (62) (63) (64) (65) . In the present studies, in parallel with diminished neointimal expansion after injury, numbers of MPs infiltrating the injured vessel wall were strikingly reduced ( Figure 6 ). These findings are analogous to the decrease in numbers of MPs (and SMCs) infiltrating established atherosclerotic plaques in diabetic apoE null mice treated with sRAGE (17, 18) . In that setting, analogous to that after acute arterial injury, atherosclerotic plaques are enriched in the same two ligands of RAGE, AGEs, and S100/calgranulins (17, 18, 66) . Diabetic apoE null mice developed more severe atherosclerosis in the initial stages, as well as displayed increased progression of established atherosclerosis, compared with nondiabetic, apoE null animals. Administration of sRAGE decreased lesion area and complexity in parallel with reduced numbers of MPs and SMCs (17, 18, 66) , at least in part, mediated by decreased vascular expression of vascular cell adhesion molecule-1 and JE-MCP-1 (18, 66) . In view of the likely central role of JE-MCP-1 in atherosclerosis, a preliminary report from our laboratory demonstrated that this chemokine was generated in cultured SMCs stimulated by AGEs (67) . Thus, it is highly likely that JE-MCP-1, in part, augments MP migration into the injured vessel wall of apoE null mice. To rigorously test these concepts, ongoing studies are focused on introduction of DN-RAGE in either SMCs or MPs in apoE null mice, the latter driven by the macrophage scavenger receptor promoter (68) .
Taken together, these findings highlight the concept that RAGE is a logical and directed target for effective therapeutic intervention in two settings germane to primate vascular biology, that is, in innate chronic atherosclerosis as well as acute vascular injury. These findings highlight critical and highly relevant distinctions in current vascular-protective strategies. Although sirolimus coating of stents provided by far the most optimal suppression of restenosis in animals as well as humans, the impact of this agent on the adaptive immune response sharply limits its potential for systemic administration in long-standing chronic atherosclerosis.
In striking contrast, experimental evidence suggests that blockade of RAGE provides a means to limit untoward vascular responses to both chronic and acute injury within the vessel wall. Although differences certainly exist between the reparative response to denuding arterial injury in rodents versus higher species such as pigs and primates (47), we conclude that our findings implicate fundamental roles for RAGE in the MP and SMC response to arterial injury and highlight the rationale for testing the impact of blockade of this axis as a means to limit untoward neointimal expansion in humans.
